We have mapped the proto-binary source IRAS 16293-2422 in CO 2-1, 13 CO 2-1, and CO 3-2 with the Submillimeter Array (SMA). The maps with resolution of 1.
slightly lower density of n(H 2 ) ∼10 6 cm −3 . It is likely that these bright spots are associated with the hot core-like emission observed toward IRAS 16293. Since both two bright spots are blueshifted from the systemic velocity and are offset from the protostellar positions, they are likely formed by shocks.
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Introduction
Outflow phenomena have been recognized as an important phase in the star formation processes. It is generally accepted that when stars are formed by gravitational infall, outflows transfer excess angular momentum out of the system (e.g., Shu, Adams, & Lizano 1987) . Outflows are observed at various wavelengths from the radio to the ultraviolet, among which the millimeter/submillimeter bands probe the molecular outflows. Molecular outflows, recognized as high-velocity wings in CO and other molecular lines, are considered to be the ambient gas entrained or pushed by protostellar winds. By observing molecular outflows, we can determine their physical, kinematic and chemical properties, trace the mass-loss history of protostars, and probe the early phases of the star formation process (Arce et al. 2007 , and references therein).
IRAS 16293-2422 (hereafter referred to as I16293) is a well-studied proto-binary system located in the nearby molecular cloud complex L 1689. The distance to L 1689 is often assumed to be 160 pc (Whittet 1974) , however some recent studies suggested a distance of ∼120 pc (de Geus et al. 1989; Knude & Høg 1998) . In this paper we adopt 120 pc as the distance. The projected separation of the two protostars is ∼5 ′′ (Mundy et al. 1992) , which then corresponds to 600 AU. I16293 is classified as a Class 0 young stellar object (YSO) since this system is undetectable at wavelengths shorter than 10 µm and shows a spectral energy distribution (SED) with very low temperature (André & Monterle 1994) . The bolometric luminosity of I16293 is estimated to be ∼36 L ⊙ (Correia, Griffin, & Saraceno 2004) . I16293 is known to have a quadrupolar outflow (Walker et al. 1988; Mizuno et al. 1990 ); one bipolar pair extends along the east (blue) and west (red) (hereafter the E-W pair) directions, while the other one has an orientation from northeast (red) to southwest (blue) (hereafter the NE-SW pair) with an inclination angle of 30
• -45
• (Hirano et al. 2001) or 65
• (Stark et al. 2004) . The NE-SW pair is more collimated, and its axis crosses the position close to the SE continuum source IRAS 16293A (hereafter source A). Therefore this pair has been thought to be powered by source A (e.g., Walker et al. 1988; Mundy, Wootten, & Wilking 1990) . On the other hand, the E-W pair is not as well collimated and its axis, though not well defined, seems to pass to the north of source A, where the continuum source IRAS 16293B (hereafter source B) is the only possible driving YSO. Hence source B has often been assumed as the driving source of the E-W pair. Stark et al. (2004) showed that source B has very narrow line widths, a low luminosity, and is not evidently associated with high-velocity gas. They interpreted source B as a T-Tauri star that drove the E-W pair and that the E-W pair is now a fossil flow. However, these interpretations are based on observations at low angular resolution (i.e., >5 ′′ ), that are insufficient to resolve the two protostars and reveal the relation between the quadrupolar outflow and the binary.
In fact, using higher angular resolution observations Chandler et al. (2005) proposed an alternative interpretation. They resolved source A into four components, two at 1 mm and another two at 7 mm, and suggested that two of them are responsible for driving the NE-SW and the E-W pair, respectively. In addition, Chandler et al. (2005) proposed that source B is actually much younger than previously interpreted and may have not yet begun the phase of mass loss. Their proposition was, however, made based on (1) the dust continuum morphology and proper motions of source A, and (2) the velocity structures of emission of H 2 CO, H 2 S, and SO, rather than CO, which is a much better tracer of the overall outflow structure free from chemical peculiarities and shocks.
In order to study the molecular outflows in the vicinity of I16293 in more detail, we have carried out CO 2-1, 13 CO 2-1, and CO 3-2 observations at higher angular resolutions using the Submillimeter Array 1 (SMA). Our SMA observations provide sufficient angular and spectral resolution in the CO lines to resolve the kinematics and the structure of the outflow in the central region of I16293. In this paper, we summarize the observational details in §2; present our SMA CO 2-1, 13 CO 2-1, and CO 3-2 results in §3; discuss the outflow driving mechanism, physical parameters of the outflow, and the kinematics in the vicinity of I16293 in §4.
Observations
The Submillimeter Array (SMA) (Ho, Moran, & Lo 2004) ′′ at 230 GHz and ∼36 ′′ at 345 GHz. The CO 2-1 and 13 CO 2-1 lines were observed simultaneously on 18 February 2005 with 6 antennas, providing 15 baselines ranging from 10 to 70 m. The CO 3-2 data were observed on February 26 and April 23 in 2003 with 4 and 5 antennas, respectively, providing 10 independent baselines ranging from 12 to 120 m. We note that the CO 3-2 observations provide fewer short baselines than the CO 2-1 observations, therefore the CO 3-2 data are less sensitive to extended structures.
The visibility data were calibrated using the MIR software package originally developed for Owens Valley Radio Observatory (Scoville et al. 1993; Qi 2005) 3. Results 3.1. CO 2-1 Fig. 1 shows the velocity channel maps of the CO 2-1 emission uncorrected for the primary beam attenuation. The CO 2-1 emission is shown in the channels from V LSR = −7.2 km s −1 to 31.9 km s −1 . In most of the channels, the spatial distribution of the CO 2-1 emission is elongated along the east-west direction. It is likely that this elongated CO emission originates from the molecular outflow previously imaged on larger scales (Stark et al. 2004 ). The CO emission at V LSR = 4.4 km s −1 is scattered over the field of view. Since this velocity channel is close to the cloud systemic velocity of V LSR = 4.0 km s −1 (Mizuno et al. 1990 ), most of the emission has been resolved out due to the lack of short baselines. The CO distribution at V LSR = 3.3 km s −1 and V LSR = 5.5 km s −1 shows the east-west elongation, suggesting that the CO emission at these channels comes from the outflowing gas even though the velocity offset from the systemic velocity is small. Therefore, we infer that the CO 2-1 emission seen in the channels from V LSR = −7.2 km s −1 to 3.3 km s −1 is the blueshifted outflow component and that in the channels from V LSR = 5.5 km s −1 to 31.9 km s −1 is the redshifted outflow component.
The blueshifted emission is extended to the east of source A and the west of source B as well. The eastern component is seen in most of the blueshifted channels from V LSR = −7.2 km s −1 to 3.3 km s −1 , while the western component is in the velocity range from V LSR = −0.9 km s −1 to 3.3 km s −1 , and is closer to the systemic velocity compared to the eastern component. As shown in the velocity channels from V LSR = −0.9 km s −1 to 1.2 km s −1 , the eastern blueshifted component has a fan shape pointing to source A with a position angle of ∼75
• .
The redshifted emission extends to the east and the west of source A. The eastern redshifted component mostly overlaps with the eastern blue emission. The western redshifted component has a fan shape structure with its apex at the position of source A at P.A. ∼90
• . This structure appears from V LSR = 8.6 km s −1 , and the emission moves away from the source as the velocity increases.
The total integrated intensity (zeroth moment) maps of the blueshifted and redshifted CO 2-1 line emission are presented in Fig. 2a (uncorrected for primary beam attenuation). In the blueshifted component, there are two prominent peaks 1 ′′ to the east of source A (labeled b1) and 1 ′′ southeast of source B (labeled b2). The peak brightness temperature of CO 2-1 emission at b1 and b2 are 57 K and 63 K, respectively. These two peaks are seen in all the blueshifted channels ( Fig. 1) starting from V LSR = −6.2 km s −1 . We note that both b1 and b2 have not been resolved in the previous CO outflow maps observed with the single-dish telescopes (Stark et al. 2004 ).
In Fig. 3a we compare the CO 2-1 spectrum observed by the SMA with that observed by the JCMT. We have applied the primary beam correction, smoothed the SMA map to have a 21
′′ Gaussian beam, which is same as the JCMT beam at 230 GHz, and obtained the spectrum at the phase tracking center. The JCMT spectrum was resampled to have the same velocity resolution as the SMA data. To convert the antenna temperature T A * into brightness temperature, we adopted a main beam efficiency, η MB , of 0.69 for the JCMT at 230 GHz. It is shown that the SMA recovered most of the flux in the velocity range lower than V LSR ∼2 km s −1 , indicating that most of the blueshifted emission in this velocity range comes from the compact regions labeled b1 and b2. The SMA spectrum is slightly brighter than the JCMT spectrum in several channels, probably due to the calibration uncertainties in both the SMA and JCMT data. In the redshifted velocity range, the SMA recovered ∼70% of the flux at V LSR > 10 km s −1 . The flux in the velocity range close to the systemic velocity is recovered ∼60% except the channel of the deep absorption dip at V LSR = 4.4 km s −1 . At this velocity, absorption caused by the foreground cloud also contributes to the total absence of emission in the interferometric map because the JCMT spectrum also shows a deep absorption dip at the same velocity.
CO 3-2
The CO 3-2 total integrated intensity (zeroth moment) map is shown in Fig. 2b (uncorrected for primary beam attenuation). The emission is integrated over the velocity channels from V LSR = −7.5 km s −1 to 3.5 km s −1 on the blueshifted side, and from V LSR = 5.5 km s −1 to 31.5 km s −1 on the redshifted side. There is no significant emission in the velocity channel centered at V LSR = 4.5 km s −1 . The CO 3-2 emission in this velocity range arises from the extended ambient cloud and is poorly sampled by the uv coverage of the CO 3-2 data. There are two bright blueshifted components, one located 2 ′′ southeast of source A and the other located 1 ′′ southeast of source B, that are likely to be the counterparts of b1 and b2 identified in the CO 2-1 map (see Fig. 2a ). The peak brightness temperature of CO 3-2 emission is 39 K at b1 and 55 K at b2. These two components are connected by faint emission. The blueshifted emission extending toward the northeast with a P.A. of ∼70
• corresponds to the eastern blueshifted emission in the CO 2-1 map. As in the case of CO 2-1, the redshifted emission extends to the east and west of source A.
In order to estimate the missing flux, we have smoothed the SMA CO 3-2 map to 14 ′′ resolution, which is the HPBW of the JCMT at 345 GHz, and compared the spectrum at the phase tracking center with that obtained by the JCMT (Fig. 3b) . The primary beam correction was applied to the SMA CO 3-2 map before it was smoothed. The JCMT spectrum was converted into the brightness temperature unit by assuming η MB = 0.63 at 345 GHz. Fig. 3b shows that the missing flux of the SMA CO 3-2 data is larger than that of the CO 2-1 except for the high-velocity part of the redshifted wing at V LSR 14 km s −1 , where most of the flux is recovered by the SMA. The SMA recovered ∼50% of the CO 3-2 flux in the velocity ranges −9.0 < V LSR < 2.0 km s −1 and 6.0 < V LSR < 13.0 km s −1 . That more missing flux is evident in the CO 3-2 data than the CO 2-1 data is likely due to it containing fewer short baselines, as mentioned in §2.
3.3.
13 CO 2-1 Fig. 3c compares the 13 CO spectrum observed with the SMA and that observed with the JCMT. The SMA spectrum was obtained after we corrected for the primary beam attenuation and smoothed to 21 ′′ resolution. Due to a software problem, the velocity values of the 13 CO 2-1 data were not recorded correctly. We found that the 13 CO 2-1 spectrum observed with the SMA was blueshifted by ∼1 km s −1 with respect to that observed with the JCMT. Therefore, we calibrated the velocity of each channel in the SMA data using the 13 CO 2-1 spectrum observed with the JCMT. Most of the 13 CO 2-1 flux is recovered by the SMA at V LSR < 2.0 km s −1 . The velocity channel maps of the 13 CO 2-1 emission presented in Fig. 4 (uncorrected for primary beam attenuation) show that emission in this velocity range mainly comes from the compact source close to source A. It is likely that this component corresponds to b1 in the CO 2-1 map. On the other hand, the brightest component b2 in the CO 2-1 map is less significant in the 13 CO 2-1. It is identified as a northwestern extension of the emission in the velocity channels from −0.8 to 1.5 km s −1 . The 13 CO emission extends to the east of source A in the redshifted velocity channels at V LSR = 5.9 km s −1 and 7.0 km s −1 , and extends to the east and west of source A at V LSR = 8.1 km s −1 . It should be noted that a similar structure is seen in the velocity channel maps of the CO 2-1 (see Fig. 1 ), suggesting that the 13 CO 2-1 emission in this velocity range arises from the dense part of the outflow. The 13 CO 2-1 flux recovered by the SMA is 60-70% in the velocity channels from V LSR = 5.9 km s −1 to 9.2 km s −1 . In the velocity channels at V LSR = 2.6 km s −1 and 3.7 km s −1 , the 13 CO 2-1 map shows a V-shaped structure. Since the southwestern and southeastern edges of the 13 CO 2-1 correspond to the northern edges of the western and eastern lobes, respectively, it is likely that the 13 CO 2-1 emission in this velocity range comes from the envelope excavated by the outflow. Note that the primary beam correction is not applied to the images shown in Fig. 4 . 
Driving source
As was shown in §3, the CO 2-1 and 3-2 maps observed with the SMA clearly show small scale outflow emission in the vicinity of I16293. It is quite natural to assume that the CO 2-1 and 3-2 outflow emission has the same origin. Each of the CO 2-1 and 3-2 outflows has a blueshifted component extending to the east and a redshifted component extending to the west of source A (see Fig. 2a and 2b ). In the CO 2-1 channel maps, both the eastern blueshifted component and the western redshifted component show fan-shaped patterns with their apexes pointing toward source A. Although the eastern redshifted component is less clearly extending from the position of source A, its coincidence with the eastern blueshifted emission suggests that the eastern blue-and redshifted components represent the front side and the back side of a single outflow lobe, respectively. Such an outflow lobe showing both blue-and redshifted emissions together is likely to be an outflow with a wide opening angle and an axis close to the plane of the sky (Cabrit & Bertout 1986) . These morphological characteristics of the small scale outflow suggest that it is most likely driven by source A.
The direction of the outflow axis is rather difficult to define clearly. The western redshifted lobe in CO 2-1 shows a position angle of almost −90
• , while the blue-and redshifted eastern lobes show position angles of ∼75
• . The axis of the CO 3-2 outflow is approximately along a position angle of 80
• . These results suggest that the axis of the small scale outflow is approximately the east-west direction. The difference in direction between the blue-and redshifted components of the CO 2-1 emission, and the CO 2-1 and 3-2 emission, could also indicate that the high velocity gas comprises emission from two or more outflows. There may be an interaction between the wind or jet driving the large scale NE-SW outflow and the molecular gas, as indicated by the offset of shock-tracing molecule line emission peaks to the NE of source A (Chandler et al. 2005) . However, the bulk of the CO emission we observe is consistent with a predominantly E-W outflow.
Comparisons with the large scale outflows
It is important to know the relationship between the small scale (∼3000 AU) outflow observed with the SMA and the large scale (∼15000 AU) outflows previously observed with single-dish telescopes even though the size scales are quite different between them. We should note that the missing flux and the single field of view in the SMA observations prevent us from directly relating the two types of outflows on these very different scales. Nevertheless, morphological comparisons of the small and large scale outflows could allow us to infer their relationship.
Single-dish observations showed two large scale outflows; one is the E-W pair and the other is the NE-SW pair (Walker et al. 1988; Mizuno et al. 1990; Lis et al. 2002; Stark et al. 2004 ). The blue-and redshifted lobes of the E-W pair are located to the east and the west, respectively, showing the same velocity trend as the small scale outflow. The outflow axes of these two outflows are also similar. These facts naturally suggest that the small scale outflow is the inner part of the large scale E-W pair, and that the bulk of the CO emission observed by the SMA is due to the E-W outflow. If this is the case, then the E-W pair is not a fossil flow but a currently active one, and the driving source of the E-W pair is most likely to be source A.
Do the SMA maps show any counterparts of the NE-SW pair? Chandler et al. (2005) proposed that the driving source of the NE-SW pair is one of the radio sources, A2, based on its bipolar morphology along the NE-SW direction in their 43 GHz map. However, our SMA maps show no counterpart of the NE-SW pair, if we consider the small scale outflow mapped with the SMA as the inner part of the E-W pair. One possible reason for why there is no counterpart of the NE-SW pair in the SMA maps is that the NE-SW outflow lobes are located outside the SMA field of view at both 230 and 345 GHz. In fact, single-dish maps (Mizuno et al. 1990; Lis et al. 2002; Stark et al. 2004) show that both blue-and redshifted lobes are detached by ∼1
′ from the centroid of I16293. This implies that the NE-SW pair is older than the E-W pair, so the NE-SW pair has already cleaned out the gas along its travel direction. However this interpretation is totally different from those of previous studies, where the NE-SW pair is considered younger than the E-W pair. On the other hand, the NE-SW pair is better collimated than the E-W pair. Observations of CO outflows of YSOs at different evolutionary stages suggest that the opening angle of the outflow lobe becomes larger as the central source evolves (e.g., Arce & Sargent 2006 ). If we take this into account, it is natural to consider that the well-collimated NE-SW pair is younger than the E-W pair. It is possible that the small scale counterpart of the NE-SW pair is absent because this outflow is currently inactive due to its episodic nature. Eposodic outflows have been found in several YSOs, such as L1157 (e.g., Gueth et al. 1996) . Since there is no counterpart of the NE-SW pair in our SMA maps, we are unable to determine if the NE-SW outflow is driven by source A of B, and to support or refute the different claims by previous studies regarding this flow (Stark et al. 2004; Chandler et al. 2005) .
Kinematics of the small scale outflow
Many models have been proposed to explain the relation between molecular outflows and protostellar jets. Of these, two scenarios are considered plausible: (1) the jet-driven model, where molecular outflows consist of ambient gas swept up by the bow shock of the jet head (Raga & Cabrit 1993; Masson & Chernin 1992; Chernin et al. 1994) , and (2) the wind-driven model, where molecular outflows are the swept-up gas entrained by wide-angle magnetized wind (Shu et al. 1991 (Shu et al. , 2000 Li & Shu 1996) . These scenarios have different kinematical features in a Position-Velocity (P-V) diagram obtained from a cut along the outflow axis. The jet-driven model will produce a convex structure in such a P-V diagram with high velocity components at the jet head; while the wind-driven model will introduce a parabolic structure that originates from the central star (e.g., Lee et al. 2000) .
In a CO 2-1 P-V diagram, extracted along the outflow axis at P.A. = 90
• (Fig. 5) , we found that the western redshifted lobe shows a parabolic shape, as is expected from the wind-driven model. We therefore adopted the simplified analytical model of a wind-driven shell proposed by Lee et al. (2000) to study the kinematics of the small scale outflow. In the cylindrical coordinate system, the structure and velocity of the shell can be written as follows:
where z is the distance along the outflow axis; R is the radial size of the outflow perpendicular to z ; C and v 0 are free parameters that describe the spatial and velocity distributions of the outflow shell, respectively.
First, we generated the model curve that delineates the outflow shell feature 2 (see Fig. 6 ), to determine the free parameter C. In Fig. 6 the green line and the black line delineate the curves produced by C = 0.20 arcsec −1 and C = 0.10 arcsec −1 , respectively. Both curves assume the inclination angle of the axis from the plane of the sky, i to be 30
• . However, the curve is insensitive to the inclination angle if i is smaller than 40
• . Since both eastern and western lobes have opening angles of 60
• -80
• , and are accompanied by the CO emission component with opposite velocity shifts (i.e. the eastern blue lobe is accompanied by the redshifted component and the western red lobe by the blueshifted component), it is unlikely that the inclination angle is larger than 40
• . Next, we determined v 0 and i by comparing the velocity pattern of the model curve with the observed P-V diagram. The green curve in Fig. 5 was produced by i = 30
• , C = 0.20 arcsec −1 , and v 0 = 1.3 km s −1 arcsec −1 ; while the dashed curve was produced by i = 40
• , C = 0.10 arcsec −1 , and v 0 = 0.8 km s −1 arcsec −1 . A wind-driven outflow model predicts the "Hubble law" velocity structure, that is the velocity increases as the emission moves away from the central source (e.g., Shu et al. 1991; Lee et al. 2000) . As we have mentioned in §3.1, the redshifted lobe of the small scale outflow has this signature. Hence, our simple modeling qualitatively indicates that the driving mechanism for the small scale outflow could be a wide-angle wind inclined to the plane of the sky by ∼30
• to 40
• . The dynamical age of the small scale outflow is given by 1/v 0 and is 450-700 years.
It should be noted that the wind-driven model does not contradict to the evidence 2 We only model the red lobe because it shows a clear fan-shape morphology.
of a precessing jet presented by Chandler et al. (2005) . Recent numerical simulations of magnetocentrifugal winds predict an on-axis density enhancement within the X-wind type of wide opening angle wind (Li & Shu 1996; Shang et al. 2002 Shang et al. , 2006 , and so it is possible to have a jet-like feature in such a model that does not show up in CO observations.
Physical parameters of the small scale outflow
We estimated the outflow mass using the CO 2-1 and 13 CO 2-1 data cubes corrected for the primary beam attenuation and assuming LTE conditions. Since the peak brightness temperature of the CO emission reaches ∼50 K, we assumed 50 K as an excitation temperature. We adopted an H 2 to CO abundance ratio of 10 4 and a mean atomic weight of the gas of 1.36. A comparison between the channel maps of CO 2-1 (Fig. 1 ) and those of 13 CO 2-1 (Fig. 4) suggests that the CO 2-1 emission is significantly optically thick in the low-velocity redshifted component at V LSR ∼5-9 km s −1 and the low-velocity blueshifted component at V LSR ∼0-2 km s −1 . The 13 CO 2-1 emission is also detected in the positions of the bright spots b1 and b2; however, we excluded these components from our calculation. The physical conditions of these bright spots are discussed in the next subsection. At velocities where the 13 CO emission is detectable, we estimated the optical depth of the CO 2-1 line using the following equation:
where [CO]/[ 13 CO] is the abundance ratio between CO and 13 CO that is assumed to be 77 (Wilson & Rood 1994) . The optical depth of the CO 2-1 emission in the low-velocity redshifted component is estimated to be ∼3-36 in the western lobe and ∼6-24 in the eastern lobe, and that of the low-velocity blueshifted component is ∼2-17 in the eastern lobe. Outflow masses in the optically thick velocity channels were corrected using:
where m ′ (v i ) is the mass at velocity v i without optical depth correction; m(v i ) is the mass after optical depth correction; τ i represents the optical depth of CO 2-1 at velocity v i . Outside the velocity ranges where the 13 CO emission was observed, we assumed that the CO emission is optically thin, and obtained the mass by M thin = m ′ (v i ). The total mass of the outflow was obtained by M total = M thin + M thick . Table 1 summarizes the masses of the blueshifted and redshifted components in the eastern and western lobes. The optically thick part of the spectrum dominates the outflow mass calculations. The outflow masses are underestimated by an order of magnitude without the correction for optical depth. Since significant flux is missed in the low velocity range due to the lack of short baseline data and absorption by foreground clouds, the masses derived here are lower limits. In both eastern and western lobes, the redshifted component is significantly more massive than the blueshifted component. This suggests that dense ambient gas exists behind the outflow lobes, so that the blueshifted component in the front can expand rather freely, while the redshifted component in the back needs to push more material.
The dynamical parameters of the flow are summarized in Table 2 . Table 2 gives two kinds of values; one is corrected for the inclination effect (i = 35
• ) and the other is without this correction (uncorrected). The inclination angle of 35
• is chosen based on the kinematical modeling described in the previous section. In order to compare the energies of the small scale outflow with those of the large scale E-W outflow observed with single-dish telescopes, we estimated the momentum supply rate and the stellar mass loss rate. These dynamical quantities can be derived reasonably well even though the map is incomplete (e.g. Bontemps et al. 1996) . The momentum supply rate and the mass loss rate of the small scale outflow lobes are estimated to be ∼2×10 −4 M ⊙ km s −1 yr −1 and 9.0×10 −7 M ⊙ yr −1 , respectively. The CO 1-0 single-dish observational result of I16293 (Mizuno et al. 1990 ) scaled to a distance of 120 pc suggests that the momentum supply rate and the mass loss rate of the large scale E-W outflow are ∼1.6×10 M ⊙ yr −1 , respectively. Although the parameters we derived from the SMA data are lower limits, it is likely that the small scale outflow has comparable momentum and energy with the large scale E-W outflow. This may imply that the E-W outflow has been fairly constant in time, if the compact outflow is the inner part of the large scale E-W outflow.
Nature of the bright, compact components
As shown in §3, the high resolution CO maps reveal two bright and compact components, labeled b1 and b2, at blueshifted velocities (see Fig. 1 and Fig. 2) . In order to investigate the nature of b1 and b2, we carried out an LVG calculation (Goldreich & Kwan 1974; Scoville & Solomon 1974 ) using the code developed by Oka et al. (1998) . The velocity gradient dv/dr is assumed to be 1000 km s −1 pc −1 as estimated from the CO 2-1 line width of ∼ 7 km s −1 and the size of ∼0.005 pc of b1 and b2. The LVG calculation result is shown in Fig. 7. Fig. 7a shows the iso-intensity contours of the CO 2-1 line (solid contours) and iso-line ratio contours of CO 2-1/ 13 CO 2-1 (dashed contours) as a function of kinetic temperature and H 2 number density. Fig. 7b shows the CO 2-1 iso-intensity contours (solid contours) and iso-line ratio contours of CO 2-1/ 13 CO 2-1 (dashed contours).
In order to compare the CO 3-2, CO 2-1, and 13 CO 2-1 lines at the positions b1 and b2, we made the maps of these three lines using the visibility data in the range from 10 kλ to 52 kλ, corresponding to the uv range common for the three data sets. The beam sizes in uniform weighting of the CO 3-2, CO 2-1, and 13 CO 2-1 maps were 3. ′′ 1×2. ′′ 6 (P.A. 5.2 • ), 4.
′′ 7×2. ′′ 5 (P.A. −3.0 • ), and 4. ′′ 8×2. ′′ 6 (P.A. 1.5
• ), respectively. In spite of the same uv range limit, the beam size of the CO 3-2 map is different from those of the CO 2-1 and 13 CO 2-1 due to differet uv coverages. Therefore, we convolved the three maps to the same beam size, i.e. 4.
′′ 9×2. ′′ 7 with a P.A. of 0.0 • after the correction of the primary beam attenuation. The CO 3-2, 2-1 and 13 CO 2-1 spectra obtained at the positions of b1 and b2 are shown in Fig. 8 . The brightness temperature of CO 2-1 at the position of b1 is T B ∼50 K, and that at b2 is T B ∼60 K. The CO 2-1 flux integrated over the velocity range from V LSR = −8 km s −1 to 2 km s −1 is 102.2 K km s −1 at b1 and 207.5 K km s −1 at b2. The 13 CO 2-1 flux integrated over the same velocity range is 55.9 K km s −1 at b1 and 18.7 K km s −1 at b2. Since most of the CO and 13 CO 2-1 fluxes in this velocity range were recovered by the SMA, the effect of missing flux should not be significant. The CO 2-1/ 13 CO 2-1 intensity ratio of 1.8 at b1 suggests that this component is warm (T kin ∼55 K) and extremely dense (n(H 2 ) ∼10 7 cm −3 ). On the other hand, the CO 2-1/ 13 CO 2-1 ratio at the position of b2 is ∼11, suggesting that b2 is slightly warmer (T kin ∼65 K) but less denser (n(H 2 ) ∼10 6 cm −3 ) than b1.
The CO 3-2 flux integrated over the same velocity range as CO 2-1 is 58.4 K km s −1 at b1 and 105.6 K km s −1 at b2. The CO 3-2/2-1 ratio at the positions of b1 and b2 calculated from the integrated intensity values are 0.57 and 0.51, respectively. On the other hand, Fig. 7 shows that the line ratio should be 0.9 if the CO 2-1 intensity is brighter than 20 K. However, in contrast to CO 2-1, only ∼50% of the CO 3-2 flux in this velocity range was recovered by the SMA. If we assume that most of the CO 3-2 flux within the central 14 ′′ region arises from the compact sources b1 and b2, their actual flux values might be twice the calculated values. If we take this effect into account, the CO 3-2/2-1 ratio might be close to 1 at both b1 and b2. Therefore, the CO 3-2 results do not contradict the physical conditions inferred for b1 and b2 from the CO and 13 CO 2-1 data. We should note that there are two effects that could contribute to a low CO 3-2/2-1 ratio. If the CO emission is assumed to be in LTE and optically thick, the CO 3-2 emission has a higher optical depth than CO 2-1. Therefore if there are temperature gradients due to internal heating sources, the CO 3-2 emission will tend to trace outer and cooler gas. Even for a uniform temperature, the τ = 1 surface of the CO 3-2 emission with higher optical depth will be more extended and more flux will be resolved out by the interferometer, independent of the other uv coverage issues.
It should also be noted that the kinetic temperature and density derived here are the averaged values over the beam area of 4.
′′ 9×2. ′′ 7. Since the bright spots b1 and b2 are compact, the CO 2-1 brightness temperature at b1 and b2 might be higher if we observe with higher angular resolution. Indeed, the brightness temperatures of CO 2-1 and CO 3-2 at b1 and b2 measured in the higher resolution maps are higher than those of the spectra shown in Fig. 8 . Therefore it is possible that the kinetic temperatures at b1 and b2 are higher than those estimated here.
Complex molecules, such as HCOOCH 3 and C 2 H 3 CN, have been detected toward both source A and source B (Kuan et al. 2004; Chandler et al. 2005) . The estimated kinetic temperatures (>55 K at b1 and >65 K at b2) are consistent with the rotational temperature of ∼100 K derived from the analysis of the SMA HCOOCH 3 data (Kuan et al. 2004) . Since the bright components b1 and b2 are close to source A and B, respectively, it is likely that these warm and dense components are associated with hot core-like emission. Our CO 2-1 and 3-2 maps show that both b1 and b2 are blueshifted from the systemic velocity and are offset from the positions of continuum peaks. These results support the idea that shocks play an important role in forming hot cores around low mass protostars (e.g. van Dishoeck et al. 1995; Chandler et al. 2005) . As discussed in Chandler et al. (2005) , it is likely that an interaction between the jet from source A and extremely dense (∼10 7 cm −3 ) gas at b1 contributes to the observed rich chemistry in this region. On the other hand, it is unclear how the b2 component is formed. This component is also seen in HCN 4-3 emission at blueshifted velocities from −2.62 to +0.65 km s −1 (Takakuwa et al. 2007 ). In addition, high resolution H 2 CO, SO, and H 2 S maps presented by Chandler et al. (2005) show the local emission peaks close to b2 rather than the continuum peak of source B. Since the sulphurbearing molecules and H 2 CO are known to be enhanced in shocks (e.g. Bachiller et al. 2001) , the component b2 is also likely to be a shocked region. If source B is a protostar in the earlier stage than source A as argued by Wootten (1989) and Chandler et al. (2005) , b2 may be a spatially compact outflow from source B that can interact with dense envelope gas and produce shocks. Another possibility is that b2 indicates the shock produced by the interaction between the outflow from source A and the envelope surrounding source B.
Conclusions
We have carried out CO 2-1 13 CO 2-1, and CO 3-2 observations of the proto-binary system IRAS 16293-2422 with a resolution of 1.
′′ 5-5 ′′ using the Submillimeter Array (SMA), which are about a factor of 5 better than previous observations in these lines. Our observations reveal the detailed structures of molecular outflows close to the binary system. Our main results are summarized as follows:
1. The high resolution images of CO 2-1 and CO 3-2 show a compact bipolar outflow along the east-west direction in the vicinity of the binary. The center of this small scale outflow is close to source A, suggesting that source A is the driving source. If we interpret this small scale outflow as the inner part of the large scale E-W pair of the quadrupolar outflow, the E-W pair is a currently active outflow rather than a fossil flow. On the other hand, there is no clear counterpart of the large scale NE-SW pair in our interferometric maps.
2. The shape and velocity structure of the western redshifted lobe are well described by an analytical model suggesting that the small scale E-W pair could be driven by a wide-angle wind with an inclination angle of ∼30
• -40
3. There are two compact and bright spots at blueshifted velocities. One is located 1 ′′ east of source A (labeled b1) and the other is 1 ′′ southeast of source B (labeled b2
). An LVG analysis shows that b1 is extremely dense, n(H 2 ) ∼10 7 cm −3 and warm T kin > 55 K, while component b2 has a higher temperature of T kin > 65 K but slightly lower density of n(H 2 ) ∼10 6 cm −3 . It is likely that these bright spots are produced by means of shocks and are associated with hot core-like activity observed toward both source A and source B.
We would like to thank all the SMA staff who have helped us to carry out the observations. We also wish to thank the anonymous referee who gave the insightful comments. N. H. is supported in part by NSC grant 96-2112-M-001-023. Dr. Y. -N. Su is acknowledged for fruitful discussions on this research. The central wind speed is assumed to be 200 km s −1 . Then we derived the mass loss rate by assuming momentum conservation of the entrained CO gas and the central wind. 13 CO 2-1 (c) spectra observed with the SMA (black histograms) and the JCMT (grey histograms) at the pointing center. The SMA data were first primary beam corrected, and the spectra were smoothed to have the same angular resolution as the JCMT data, i.e., 14
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R. A. offset (arcsec)
Dec. offset (arcsec) • through the position of source A. Contours are logarithmic at: 0.90, 1. 43, 2.26, 3.58, 5.68, 9.00, 14.3, 22.6 , and 35.8 K. The horizontal thin dashed line is the position of source A; while the vertical thin dashed line labels the systemic velocity V sys =4.0 km s −1 . The green curve: wideangle wind model curve produced by i=30
• , C=0.20 arcsec −1 , and v 0 =1.30 km s −1 arcsec −1 . The black curve: wide-angle wind model curve produced by i=40
• , C=0.10 arcsec −1 , and v 0 =0.80 km s −1 arcsec −1 . The filled square at the bottom left denotes the spacial and velocity resolution.
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Dec offset (arcsec) Fig. 6 .-Outflow shell model curves overlaid onto the redshifted CO 2-1 emission. The green line and the black line delineate the curves with C = 0.20 arcsec −1 and C = 0.10 arcsec −1 , respectively. Both curves were produced by assuming the inclination angle of the axis from the plane of the sky to be 30
• . 13 CO 2-1 (green line) and CO 3-2 (red line) at the compact components b1 and b2. The position offsets of each component with respect to the phase tracking center are labeled in arcseconds at the top right.
